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The use of potyelectrotytes as osmotic agents for peritoneal dialysis.
Various small and large molecules have been studied as osmotic agents
to replace dextrose in peritoneal dialysis. Macromolecules are attrac-
tive because of their slow absorption from intraperitoneal solutions;
however, it has been assumed that they are only marginally effective as
osmotic agents unless they function as polyelectrolytes at physiological
pH. In experimental exchanges conducted in rats we measured volume
changes induced by Gelifundol (5.5% oxypolygelatin) and Ringers
lactate to which was added either nothing, 4.25% dextrose, or 5%
albumin. In the control exchanges using Ringers lactate, intraperitoneal
fluid volume remained unchanged for eight hours. The volume changes
induced by 4.25% dextrose were complete within two hours and
resulted in a two-thirds increase over the amount of fluid administered.
In both series in which polyelectrolytes were used volume transport
was sustained throughout an eight hour dwell. With 5% albumin the
total increase in fluid volume was about 40% of that installed, while
Gelifundol caused fluid volume to double. Qualitatively similar results
were obtained in transport studies conducted in vitro. Physical studies
of the oxypolygelatin solutions indicated that the fixed charges per liter
were comparable to those in the albumin solutions. Thus the different
volume transport the two proteins induced could not be attributed to
Donnan effects. However, since the molecular weight of albumin is
triple that of Gelifundol the van't Hoff pressures of the two macromol-
ecules can explain the observed differences in volume transport. These
results suggest that neutral macromolecules deserve further study as
potential osmotic agents for peritoneal dialysis.
The maintenance of volume homeostasis in patients with
chronic renal failure requires the removal of excess ingested
water, and in peritoneal dialysis this function is achieved by
adding a solute to the dialysate which draws waler from the
patient by osmosis. The only compound in widespread use is
dextrose, but this standard osmotic agent has two disadvan-
tages attributable to its relatively small size. First most of the
dextrose added to the dialysate is absorbed during the exchange
so that over the course of the treatment day a sizable metabolic
burden is imposed on the patient (about 200g of sugar). Second
the volume transport induced by dextrose terminates early in
the exchange due to the loss of the osmotic agent from the
peritoneal fluid. Subsequently the direction of fluid transport
may be reversed, resulting in a decline in the ultimate drainage
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volume over the peak amount present at the end of the osmotic
transient.
In an attempt to circumvent these limitations of dextrose,
alternative osmotic agents have been proposed which are larger
and are therefore absorbed more slowly than dextrose [1—31.
However, since the osmotic effect of a solute depends primarily
on the number of molecules present per unit volume of solution,
the replacement of a small substance with a larger one reduces
the osmotic activity of the dialysate unless the weight fraction
of the osmotic agent is simultaneously increased. Unfortunately
increasing the solute weight fraction increases the solution
viscosity, and accordingly there is a limit to the amount that can
be added without impending the infusion and drainage of the
dialysate. Thus, for neutral molecules at a given weight fraction
a trade off must be made between reducing the rate of absorp-
tion by increasing the molecular weight and increasing the
osmotic activity by decreasing the molecular weight.
One proposal intended to circumvent the perceived short-
comings of large neutral molecules as osmotic agents is the use
of a polyelectrolyte [4.—l0]. This proposal is based on two
assumptions. First, since a macromolecular polyelectrolyte
(such as a protein) should be absorbed from peritoneal fluid
slowly because of its size, whatever osmotic effect it has should
be sustained compared to the rapidly dissipated osmotic action
of dextrose. Second, since electroneutrality constraints ensure
that the numerous counterions associated with the fixed charges
on the polyelectrolyte will remain in the peritoneal fluid as long
as the macromolecule does, the osmotic activity of the poly-
electrolyte should be magnified by a factor equal to its valence
at physiological pH.
The primary purpose of the studies reported here was to
determine whether polyelectrolytes are effective osmotic agents
for peritoneal dialysis by measuring the volume transport they
induced in an animal model. We had previously studied the
volume transport induced by albumin [11], and in this report we
supplement those observations with measurements of the vol-
ume transport induced by oxypolygelatin. For the purpose of
comparison, experiments were also performed using a dialysate
similar to that used clinically in hyperosmotic exchanges, 4.25%
dextrose in Ringers lactate. Exchanges in which Ringers lactate
alone was given served as controls for the experiments in which
an osmotic agent was present. Studies were also conducted in
925
926 Daniels ci a!: Polvelectrolvies as os,nOtic agents
vitro designed to ascertain the physicochemical basis for the
volume transport observations obtained in vivo.
Methods
The experimental exchanges were performed on male Sprague-
Dawley rats weighing 480 to 756 g and maintained on a standard
rat chow diet and tap water ad libitum prior to study. The
animals were anesthetized by intraperitoneal injection of 100
mg/kg of mactin and were placed on a temperature-controlled
surgical table. A tracheostomy was performed, and the left
jugular vein was cannulated with PESO tubing. An infusion of
6.6 mI/hr of normal saline was begun thirty minutes after the
administration of the anesthetic and was continued throughout
the balance of the experiment.
A 15 gauge teflon catheter was introduced into the peritoneal
cavity via the midline, and one hour after the administration of
the anesthetic 15 ml of prewarmed dialysate was injected. The
amount of fluid given was determined by weighing the syringe
before and after delivering the fluid using an electronic balance
with a resolution of 10 mg. At the end of the exchange the
abdomen was opened using thermocautery, and all the fluid
present was carefully collected by aspiration using a I cc
syringe. After all the superficial fluid had been removed the
intestines were gently displaced from the abdominal cavity to
retrieve any fluid lying along the dorsal wall. The fluid collected
was placed in a tared beaker, and the total amount recovered
was determined by weight.
Three series of experiments were conducted using different
dialysates: Ringers lactate, 4.25% dextrose in Ringers lactate,
and Gelifundol. According to the manufacturer, Gelifundol is an
aqueous solution of oxypolygelatin (5.5%), NaCI (100 mM/liter),
and NaHCO3 (30 mM/liter). The net negative charge of the
gelatin at physiological pH is balanced by sodium ions. In each
series of experiments six animals were assigned at random to
one of four dwell times: 2, 4, 6, or 8 hours.
Transport studies were also conducted in vitro. A 10 ml
aliquot of dialysate was placed in cellulose tubing (Spectra/Por
3) which was suspended in a I ,000 ml graduated cylinder filled
with normal saline, The saline bath was recirculated at a rate of
500 mI/mm with the flow directed along the long axis of the
tubing to reduce the effects of unstirred boundary layers. The
amount of fluid taken up by the dialysate in the tubing was
determined gravimetrically. At 15 minute intervals, the tubing
was lifted out of the bath and suspended on a special attachment
on the bottom of the weighing pan of an electronic balance.
Adherent fluid drops were removed with Kimwipes, and the
weight was recorded. The tubing was then returned to the bath,
and the timer was restarted. The transport induced by Gelifundol
and either 4.25% dextrose or 5% albumin in Ringers lactate was
determined.
The initial and final fluid weight data in the animal studies
were used to calculate the volume change in each animal on a
per cent basis. Means and standard errors were then calculated
for each group of animals assigned to a given osmotic agent and
dwell time. An analysis of variance was used to determine
whether significant differences existed within groups of means,
and if such differences were present they were identified using
a multiple range test based on least significant differences Ii 2].
Statistical analyses were performed using the Statgraphics
software package (Statistical Graphics Corporation, Rockland,
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Maryland, USA). Differences between means were attributed
to sampling fluctuations unless the probability of their occur-
rence was less than 5%.
Results
The volume changes observed in the three series of experi-
mental exchanges reported here are summarized in Figure 1.
For the purpose of comparison we have included in the figure
analogous data obtained when 5% albumin in Ringers lactate
was used as the dialysate in animal studies described elsewhere
III 1].
The Ringers lactate group served as controls since the
dialysate contained no osmotic agent. The mean percent vol-
ume changes for the four dwell times were not significantly
different, so the data for the different dwell times were pooled.
The resulting global mean percent volume change in the control
group was —2.8 2.6%, a value not significantly different from
zero.
The dextrose group provided data in this model with a
dialysate comparable to that used clinically in hyperosmotic
exchanges. The mean percent volume changes for the four
dwell times in the dextrose group were not significantly dif-
ferent, and the data were pooled. The global mean percent
volume change in the dextrose group was 66.3 3.0%, which is
significantly different from zero. Thus dextrose is an effective
osmotic agent in this model, although the increase in intraperi-
toneal fluid volume it induces occurs rapidly and is complete by
the end of the first two hours of an exchange.
In the Gelifundol group the mean percent volume increase
was significantly different from zero at all dwell times; thus
Gelifundol is an effective osmotic agent in this model. Further-
more, the mean at each dwell time was significantly different
from the means at all other dwell times, indicating that the
increase in intraperitoneal fluid volume was sustained over
eight hours. The volume transport induced by Gelifundol was
also compared with that obtained with 4.25% dextrose. The
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Fig. 1. Per cent volume changes (mean 2 /SE) observed in peritonc'al
dialysis studies conducted in normal iits given /5 in! of dialrsate
consisting of either Gelifundol () or Ringers lactate (•) to which was
added either nothing, 4.25% dextrose (s), or 5% albumin (). At the
end of an exchange the abdominal cavity was opened, and the fluid
present was collected. The amounts of fluid administered and recovered
were determined gravimetrically.
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Fig. 2. Fluid transport across cellulose tubing suspended in a recircu-
lating I liter normal saline bath induced by 10 ml aliquots of dialysate
consisting of Gelifundol (A) or Ringers lactate containing either 4.25%
dextrose (0) or 5% albumin (LI). Fluid transport was monitored by
periodically removing the tubing from the bath and weighing it after
carefully removing adherent fluid drops.
volume changes generated by Gelifundol were significantly less
that those with dextrose at two hours, not significantly different
at four hours, and significantly greater at both six and eight
hours.
Representative results obtained in the transport studies con-
ducted in vitro are depicted in Figure 2. Quantitatively the
volume changes were smaller than those in the animal studies,
probably due to differences in the permeability and surface area
of the cellulose tubing compared with the peritoneum of the rat.
Nevertheless both the temporal pattern of the volume transport
and the relative amount of fluid transported by the three
osmotic agents studied were qualitatively similar both in vivo
and in vitro.
In the dextrose experiments the weight of the contents of the
dialysis tubing initially increased relatively rapidly. However,
after about four hours the dextrose solution apparently reached
equilibrium with the bath since no further weight increases
occurred. In contrast, in the experiments using either albumin
or Gelifundol the uptake of fluid from the bath was sustained
throughout the eight hour period studied. The amount of fluid
transported by the albumin solutions was always less than that
transported by dextrose, but the difference between them
narrowed as the dextrose solutions approached equilibrium
with the bath and the albumin solutions continued to take up
fluid. In the Gelifundol studies volume transport initially lagged
behind that with dextrose, but it began to catch up as the
transport rate with dextrose declined, and eventually it sur-
passed it. Finally, the amount of fluid taken up from the bath by
the Gelifundol solutions exceeded that with the albumin solu-
tions at all time points.
Discussion
The results of the experimental exchanges conducted with
Gelifundol reported here together with those described else-
where using 5% albumin solutions [11] document the effective-
ness of these polyelectrolytes as osmotic agents. Although the
two macromolecules studied gave a different total volume
transport than a 4.25% dextrose solution, the concentrations of
the proteins could be adjusted to meet the fluid removal needs
of various patients and regimes without the use of unreasonable
weight concentrations.
In the two series of experiments in which polyelectrolytes
were used, the temporal pattern of intraperitoneal fluid volume
changes contrasted sharply with that in the dextrose group. In
both the gelatin and albumin groups, intraperitoneal fluid vol-
ume increased steadily throughout the eight hour period stud-
ied, whereas the ultrafiltration induced by dextrose terminated
early in the exchange. In a patient not receiving the large
maintenance infusion administered to the animals we studied,
we would expect fluid reabsorption to occur throughout the four
to six hours of an exchange that follow the completion of the
dextrose osmotic transient, and less fluid would be drained than
had been extracted. Thus it is an inevitable consequence of the
use of small osmotic agents which equilibrate rapidly with the
body fluids that part their osmotic effect will be wasted. In
contrast, with a slowly absorbed macromolecule, ultrafiltration
would be sustained throughout the dwell times routinely em-
ployed, so that intraperitoneal fluid volume would be maximal
at the time of drainage. However, the price which may need to
be paid for the improved volume trajectory is an increased
metabolic load compared to glucose, as was the case in the
studies of Rubin et al in anephric dogs maintained by peritoneal
dialysis using polyglucose as an osmotic agent [3].
The results of our earlier study of albumin solutions [11] were
qualitatively similar to those in the Gelifundol group since
ultrafiltration was sustained, but the volume transport induced
by 5% albumin was much smaller than that observed with
Gelifundol. Since the transport studies conducted in vitro gave
results analogous to those obtained in the animal studies, it is
unlikely that the differences in volume transport observed with
the two proteins was attributable to specific biological effects.
Thus we sought to understand the transport process on a
physical basis.
In an ideal solution the osmotic effect of a polyelectrolyte
consists of two components: the van't Hoff pressure of the
macromolecule itself and the Donnan pressure of the counte-
rions which balance the charges of its ionizable groups. The
van't Hoff pressure depends solely on the molar concentration
of the macromolecule. The Donnan pressure depends on both
the molar concentration of the counterions associated with
macromolecule and the molar concentration of diffusible salts
of the counterions, such as NaCI. The molar concentration of
univalent counterions like sodium is the product of the molar
concentration and the valence of the polyelectrolyte. Thus to
evaluate the physical basis for the different transport induced
by the two proteins studied, it is necessary to know both their
molecular weights and valences at physiological pH.
The molecular weight of oxypolygelatin [13] and both the
molecular weight and valence of albumin [14] were available in
the literature, but the valence of oxypolygelatin had to be
measured. The isoelectric point of a protein (the pH at which its
valence is zero) can be determined by finding the pH at which
the viscosity of its solution is minimal [15]. Accordingly we
made measurements of the viscosity of oxypolygelatin solutions
as a function of pH, and the results are summarized in Figure 3.
Using a polynomial fitted to the data [16] we estimated that the
isoelectric point of the oxypolygelatin in Gelifundol is about
3.9. The valence at physiological pH was then calculated after
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van't Hoff pressure 13 45
Donnan pressure 5 10
Total osmotic pressure 18 55
these two proteins: 69,000 for albumin [14] versus about 23,000
for oxypolygelatin [181. Thus the molecular weight ratio of
albumin to the oxypolygelatin in Gelifundol is about 3 to I, and
since the weight fractions of the proteins in the two solutions
used were comparable, the ratio of the van't Hoff pressures
would have been about Ito 3. It would be expected on the basis
of these differences in van't Hoff pressures that the transport
induced by Gelifundol would be about three times greater than
that induced by 5% albumin, and this prediction is in reasonable
agreement with the results obtained in both the animal studies
and the transport studies conducted in vitro.
A calculation based on the thermodynamic theory of osmotic
pressure [19, 20], which is summarized in Table 1, shows that
the Donnan pressure of a IS mEq/liter polyelectrolyte solution
is small when the impermeant macromolecule is dissolved in a
physiological saline solution. This occurs because the sodium
counterions of the sodium proteinate raise the activity of all the
diffusible sodium salts in the solution, and these salts are then
forced out of the solution, thereby short circuiting the potential
osmotic effect of the counterions of the polyanion. Thus it is
only in distilled water that the counterions can magnify the
osmotic activity of a polyelectrolyte in proportion to its va-
lence. In physiological solutions it is the van't Hoff pressure of
the proteins we studied that dominates their osmotic activities,
and this pressure is independent of their charge.
In summary, in experimental exchanges conducted in rats we
found that oxypolygelatin and albumin were effective osmotic
agents for peritoneal dialysis, and both provided improved
volume trajectories compared with dextrose. However, physi-
cal studies of solutions of these two proteins indicate that their
ability to induce water transport has little to do with the fact
that they are polyelectrolytes because of the relative magni-
tudes of their van't Hoff and Donnan pressures. Thus, consid-
ered as a class, polyelectrolytes will offer little advantage over
neutral macromolecules unless their change density is substan-
tially greater than the molecules we studied.
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